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Abstract
Strategies for smoothing pulsed heat loads are of great interest for future operation of large refrigeration systems for tokamaks,
such as JT-60SA or ITER as their superconducting magnets are cooled by independent supercritical helium loops. Numerical and 
experimental process studies have been conducted at CEA Grenoble to validate and optimize the control of such large scale 
refrigeration circuits. At the cryo-distribution level, in the auxiliary cold box, pulsed heat load effects have been analysed on a 
scaled down loop of supercritical helium driven by a cold circulator. Variation of pressure and mass flow can be significant 
depending on the pulsed load scenario and on the volume distribution between the heat sources and extractions along the loops.
Extensive experimental tests have been performed on the HELIOS (HElium Loop for hIgh lOads Smoothing) test facility during 
the past three years and the present article aims at summarizing the pulsed load strategies and the understanding of the 
thermodynamics along the supercritical loop. Dynamic modelling on EcosimPro™ and the CRYOLIB™ library are relevant 
tools to validate and to compare possible future process controls. The observations and outcomes of this study can be used for 
preparing the operation of future cryogenic installations, which main new feature will be the pulsed heat load control resulting 
from the cycling operation of the tokamak.
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1. Introduction
The pulsed load smoothing is a relevant and important topic in cryogenics and large scale applied 
superconductivity, such as operating tokamaks (KSTAR), or future devices (JT-60SA and ITER). These are nuclear 
fusion reactors where the plasma is confined and controlled with high magnetic fields generated thanks to 
superconducting magnets. These magnets are cooled with forced flow supercritical helium at 4.4 K and 5 bar. 
During cycling plasma operation, the coils and their structures are subjected to high variable loads from the nuclear 
heating, the eddy currents and the AC losses. The cryogenic system shall maintain stable and an efficient 
refrigeration in spite of the large dynamic heat loads.
The test facility at SBT Grenoble, HELIOS, offers the opportunity to validate pulsed load smoothing strategies
[1,2]. The baseline solution to cope with the pulsed load is the use of a thermal buffer, a saturated liquid helium bath, 
sized for absorbing the energy of the peak loads and releasing progressively the loads to the refrigerator as the pulsed 
loads are stored as enthalpy reservoir in the thermal buffer.  In addition, other strategies have been experimentally 
tested and validated with dynamic modeling with different codes: 4C [3], EcosimPro [4] associated with 
CRYOCERN developed by B. Bradu [5]. The smoothing can be either performed with the control of the cold 
circulator or of the by-pass valve CV955 (Fig. 1). These ways, the energy is stored by the supercritical helium loop 
itself, by delaying and smoothing the heat transfer to the thermal buffer. The present paper aims at giving the main 
results on the three mitigations methods. 
B. Lagier ‘s Ph.D work [6] has summarized the relatively complex interplay of transport phenomena and state 
changes in the supercritical helium flow under variable heat loads. A simplified transport model using CRYOCERN 
was proposed and could predict the pressure, temperature and mass flow along the loop in the constant volume 
configuration (isochoric loop). Further works with the general system solver EcosimPro and its new cryogenic 
library CRYOLIB [7] could respond to high variable loads on both constant volume configuration (isochoric) and 
constant pressure configuration (isobaric). Energy and mass fluxes can treat reverse flows which are likely to occur 
when the loads are highly pulsed. In this paper, the simulations were performed with CRYOLIB validating the new 
library on the 3 mitigation methods on a constant volume configuration.
Nomenclature
ሶ݉ Mass flow (kg/s)
P Pressure (Pa)
Q Heat load (W)
T temperature (K)
e specific exergy (J/kg)
h specific enthalpy (J/kg)
s specific entropy (J/kg K)
ǻET0 exergy at T0 (W)
ǻP4.5K equivalent refrigeration power at 4.5 K (W)
2. Description of the three pulsed load smoothing strategies
The same pulsed load scenario has been applied on the HELIOS loop with the 3 pulsed load smoothing strategies 
(Fig 1a, 1b and 1c). In the 3 cases, the mass flow returning to the refrigerator is limited to a maximum set point of 
21.3 g/s. To prevent any drift of the liquid level bath, the inlet mass flow to the liquid bath through CV940 is 
controlled (19.1 g/s for the thermal buffer and the by-pass strategies, and 18.1 g/s for the circulator control). When 
the returning mass flow to the refrigerator overpass the set point, each strategy uses a different actuator: in the 
thermal buffer strategy (Fig. 1a), the control valve CV969 closes in order to store the pulse energy into the bath. In 
the circulator strategy, the speed of the circulator is reduced to delay and decrease the transfer of the pulsed loads to 
the bath. The third strategy with the by-pass valve CV955 and the control valve CV950, similar to the circulator 
strategy, aims at reducing the mass flow into the circuit where the pulsed load is applied.
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Fig. 1. Pulsed load smoothing controls : (a) thermal buffer, (b) circulator,(c) by-pass valves.
However with this control, the circulator is kept at constant speed and the flow is by-passed through CV955. CV950 
controls the mass flow returning to the refrigerator (21.3 g/s), whereas CV955 controls the mass flow of the 
circulator (40 g/s). This value is slightly increased compared to the two other strategies (32 g/s), as a supplementary 
flow is added for the thermalization of the by-pass line.
3. Experimental and numerical results
The three strategies have been validated on EcosimPro with CRYOLIB against experimental data, taking into 
account the experimental control parameters of the PI (Fig. 1a, 1b, 1c). Fig. 2 shows the efficient limitation on the 
mass flow returning to the refrigerator when pulsed heat loads are applied both on the loop and in the bath, for 
simulating the loads from the superconducting magnets. Without regulation, ሶ݉  ଽ଺ଽ would reach 30 g/s and 
destabilize the refrigerator. The simulations could reproduce very well the regulation time of the 3 strategies. The 
circulator strategy has a shorter regulation time as the energy stored into the loop is lower due to the reduction of the 
circulator speed (-18 g/s, from 80% to 32%).  
Fig 2. Limitation of the returning mass flow to the refrigerator and heat load profiles in the loop and in the bath.
a b c
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In experiment, for the circulator and by-pass controls, short stalls have been observed at t= 700 and t=1100 s, 
which are not simulated by the code. Simulations could reproduce the dynamic behaviors of the supercritical loop 
and the helium bath. The thermal buffer strategy leads to a pressurization of the thermal buffer (Fig. 3a), whereas the 
two other strategies have a constant pressure bath. This increase of pressure will impact the loop between t = 400 
and 800 s, with a second smaller pressure peak (Fig. 3b), associated to a +0.3 K increase of the outlet temperature of 
the heating line (Fig. 3d). The maximum pressures of the loop are observed and simulated between 8 and 9 bar. For 
the circulator and by-pass valve controls, the heat losses on the loop with the reduced mass flow (from t=100 to 
700 s and 1000 s respectively), imply higher pressures compared to the thermal buffer control. The decreases of 
pressure at t > 200 s differ for the 3 strategies: for the circulator and by-pass strategies, the stored energy decreases 
more progressively. The slower decreases are related to a higher decreases of the mass flow in the heating line 
(Fig. 3c), from 32 g/s down to 5 g/s for the by-pass control and down to 14 g/s for the circulator control. 
The pressures for the three controls at the end of the depressurization are lower than the initial pressure: this sub-
cooling effect is counterbalanced by the impact of the heat losses during the reduction of the mass flow in the 
heating line occurring at the same time in the case of the circulator and by-pass strategies.
In the thermal buffer configuration, the temperature peak at the outlet of the heated line (Fig. 3d) has the shorter 
profile as the mass flow in the loop remains constant (32 g/s). However, the coupling with the temperature bath (at 
t=400 s) delays the recovering of the initial conditions at the same time as the two other configurations (400 s before 
the next cycle start at t=1400 s).
4. Equivalent refrigeration power at 4.5 K
In order to compare the three smoothing strategies, the equivalent refrigeration power at 4.5 K could be proposed 
as a factor of merit for energetic efficiency. Exergy analysis can be applied to the cryogenic process of HELIOS, 
between 2 boundary temperatures T1 and T2 across the helium bath and the JT-valve. 
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Helium properties and flow rates at the interface points enable to calculate the variation of exergy and hence the 
equivalent refrigeration at T0=300K at the cold end:
οܧ்଴(ݐ) = ݉ଶሶ (ݐ)݁ଶ(ݐ) െ݉ଵሶ (ݐ)݁ଵ(ݐ) = ݉ଶሶ (ݐ)൫݄ଶ(ݐ)െ ଴ܶݏଶ(ݐ)൯ െ ݉ଵሶ (ݐ)(݄ଵ(ݐ) െ ଴ܶݏଵ(ݐ)). (1)
For the cryogenic loads from loop, the exergy has been calculated at the bath level, taking into account of the 
temperature variation in the case of the thermal buffer strategy (bath temperature is constant for the 2 other 
strategies): 
οܧ்଴(ݐ) = ܳ(ݐ)(1െ ଴ܶ/ ௕ܶ௔௧௛) . (2)
The equivalent refrigeration at 4.5 K is obtained with the Carnot factor at 4.5 K of 65.66: 
οܲ_4.5ܭ (ݐ) = οܧ_300ܭ (ݐ) כ 4.5/((300െ 4.5) )) = (οܲ_300ܭ (ݐ))/65.66. (3)
The cooling duties have been estimated for the superconducting magnets simulated by heaters on the loop and on the 
bath, for the circulating pump, for the heat losses and also for the irreversibility related to the heat exchangers HX1 
and HX2. The contributions have been summarized in Table 1 for the thermal buffer strategy. The exegetic analysis 
shows the large contribution of the Joule Thomson expansion from 16 to 1.1 bar (44%), whereas the cryogenic loads 
of superconducting magnets (pulsed loads in the loop and in the bath) contribute 29%. The cold circulator pumping 
represents 12%, the heat losses on the loop amounts to 8%, whereas the heat exchangers contribute 7% to the exergy 
losses. In HELIOS, the heat losses are relatively large (cryostat without any active thermal shield). This contribution 
shall be much lower in a large scale installation for tokamaks. Beside, with a Joule Thomson expansion from 5 to 
1.1 bar, the JT cooling duty would decrease of about 20%, which is equivalent to an optimizing action of the 
cryogenic process at the cold end. 
Table 1. Exergy losses in the cryogenic distribution in HELIOS.
Cooling duties THERMAL BUFFER
Equivalent refrigeration @4.5 K
JT valve CV940 44%




Equation 1 has been applied at the interface points with the refrigerator and the saturated liquid bath (HP inlet 
and LP outlet, upstream CV969), in order to compare the three strategies. The variation of the equivalent 
refrigeration at 4.5 K is plotted in Fig. 4 and the integrated values on one cycle are summarized in Table 2. The three
strategies give very close total equivalent refrigeration at 4.5 K in the range of +/- 5%. Even though, the circulator 
strategy decreases the pumping capacity by reducing the speed during the pulse (it impacts only 12% of the cold 
circulator cooling duty) and the equivalent refrigeration at 4.5 K decreases at t=800 s, before the 2 other strategies 
(t=1200 s) (Fig. 4). The integrated value on 1800 s cycle is only 5 % lower compared to the two other strategies.





TOTAL Equivalent refrigeration @4.5K (W) 447 424 452
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Fig. 4. Equivalent refrigeration power at 4.5 K.
4. Conclusion
The three pulsed load strategies are efficient to limit the returning mass flow to the refrigerator. However, the 
three controls act differently on the loop and on the bath in terms of pressure, temperature and mass flows. The 
thermal buffer strategy keeps a stable operation of the loop (constant mass flow), but however implies a temperature 
increase of the bath and hence to the loop as well. This constraint on the inlet temperature occurs after the pulsed 
load application, so after the critical phase for the superconducting magnets. 
For the circulator and the by-pass valve, both strategies store efficiently energy in the loop however imply control 
on the circulator, or a set of control valves to be tuned during commissioning. The by-pass valve strategy, from a 
control point of view, has led to more instability on HELIOS. The circulator remains the more energetically
efficient, especially on an optimized cryogenic process of a large scale installation where heat losses will be 
minimized. However, supplementary technical constraints may be taken into account for the speed operating range 
of the circulator. In HELIOS, the circulating pump technology (ball bearing) is robust, and no severe stalls of the 
pump were experienced. 
From an exergetic efficiency point of view, the three strategies on HELIOS are quite similar at +/- 5%, as the 
reduction of the circulator cooling duty has a small impact on the total refrigeration load at 4.5 K. In a large scale 
installation, the discrepancy of the three controls could be more important, as the repartition of the exergy losses 
(heat losses, magnets loads, and circulator loads) may be different. Hence the thermal buffer strategy offers a simple 
pulsed load smoothing strategy to be validated during commissioning, and cold circulator control could help to 
energetically optimize the operation of a large cryogenic installation for tokamaks. 
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